Testing of analog and mixed signal circuit has often given bottleneck in the system design. Studies based on the simulation results have been presented by many authors. In this study an intelligent virtual instrument system design for the diagnosis of parametric faults in mixed signal analog circuit is presented. A benchmark R2R digital to analog converter mixed signal circuit is used for fault diagnosis in the study. The impact of circuit component parameter variations on the behavior of a circuit is analyzed by Monte-Carlo analysis. The optimum numbers of test patterns required for fault diagnosis are decided by sensitivity analysis. Finally the fuzzy logic is used for the classification of the faults. Along with fault classification, fuzzy classifier also gives the estimated value of the component faults. The virtual instrument not only displays the diagnosis result but acts as a standalone diagnosis system. The experimental results of the fault diagnosis are presented by both simulated data and the real time data.
INTRODUCTION
Fault diagnosis means fault detection and fault isolation. It has the major role in analog and mixed-signal circuit design. Although generally most of the parts of all the electronics system contain digital circuits, but mostly the fault occur in the analog parts of the circuit. The fault diagnosis process in analog and mixed-signal is difficult and complex due to poor fault models, circuit nonlinearities and component tolerances. Due to these reasons the evolution in fault diagnosis in analog and mixed-signal circuits is slow.
The test methods for analog and mixed-signal circuits are classified into two categories, one using the external test equipment and second are the Built-In Self Test (BITS). Both the test methods have been investigated and reported. Fault diagnosis in a digital to analog converter using behavior modeling and hardware description language has been presented [1] . Sensitivity analysis was used at circuit level. In [2] built in self test technique has been presented using ramp generator. In this built in circuit is simulated using a Tspice and 95.22% fault coverage is reported. Optimum test pattern generator based on GA for the hard fault diagnosis in DAC is also reported [3] . The built in self test [4] also reported for different architectures of digital to analog converters. Parametric fault diagnosis based on wavelet analysis [5] in digital to analog converter claimed 100% fault diagnosis efficiency. This method represents only simulation results and nothing is reported with real data. As described in [6] the artificial diagnostic techniques can efficiently implemented for the fault diagnosis in analog circuits. So it is clear that intelligent system can be designed for the fault diagnosis in analog and mixed signal circuits. Some of the results [7] for the mixed signal analog circuit using fuzzy math are reported.
In this paper, parametric fault diagnosis in mixed signal analog circuit has been presented. Monte-Carlo simulations of the circuit under test are used to get the behavior the circuit under various parametric variations in the circuit. Test patterns are selected for the diagnosis process using sensitivity analysis. Fault classification is carried out using fuzzy logic. Fault diagnosis results are presented for testing mixed-signal circuit with simulated data and the real time experimental measurement data. Finally a virtual instrument is designed to implement the proposed method. MultiSim, LabVIEW software and the NIELVIS II board are used I this implementation. LabVIEW not only possesses the virtual instruments but also the strong processing capabilities. Due to these capabilities, design of intelligent virtual for the fault diagnosis in a mixed signal analog circuit has become feasible. A benchmark mixed signal R2R digital to analog converter circuit [8] is used to validate the method.
The remaining part of the paper is organized as follows. The section 2 describes the proposed method. The experimental validation of the proposed method both using simulated data and real time data for a benchmark mixed signal circuit are given in section 3. Section 4 describes the results and discussion on the experimental results of the proposed method. Section 5 includes the concluding part of the paper. Acknowledgements and references are given in section 6 and 7 respectively.
PROPOSED METHOD
The fault diagnosis process in mixed signal circuit can be categorized into three steps: circuit simulation, circuit response measurement and analysis of the measured response. The variation in the circuit responses for faulty and fault free circuits enables the fault diagnosis process. The responses are used as signature parameters for the fault diagnosis process. Faults are classified as catastrophic (Hard) faults and parametric (soft) faults. Catastrophic faults are due to occurrence of open and short circuit in the circuit under test. Parametric faults occur due to the variation in the component values of the circuit. If the parametric value of the component within its nominal range then the circuit is treated as fault free otherwise faulty. In this paper fault diagnosis is implemented only for parametric faults.
Sensitivity analysis
Any change in the circuit response or any other circuit characteristic by a change in its one or more circuit parameters is called as circuit sensitivity. A sensitivity of a circuit with response function with respect to component parameter is denoted by . where 0 is analog output, D i is digital input code, N is number of digital bits and is the reference voltage. The sensitivity analysis of the DAC determines the effects of the various register parameters affecting the output of the circuit. It has also been seen that each resistance in the R2R network has different sensitivity for each combination of digital input data. It is the total sensitivity of all the resistances which affects the output of the circuit under test.
It is defined as
The fault models are selected with parametric variation ±50% in the resistance values of the R2R network. To analyze the parametric behavior of the components Monte Carlo analysis of the circuit has been performed. The total sensitivity of all the resistances is calculated for each run of all the defined fault models and fault free condition. The analysis of these sensitivity values is used to derive the number of digital input combinations required to correctly diagnose the faults. Using this technique the input combination which yields in the overlapping of the sensitivity values can be omitted, which in turn simplifies the diagnosis process.
Fault classification
The sensitivity and the Monte Carlo analysis give the minimum number of the input combinations required for the fault diagnosis. The shape of the output membership function is depicted as Gaussian shape as it is known that resistance has Gaussian distribution probability function. A Gaussian shape membership function is determined by c and k. Where c and k represents the centre and width of the membership function respectively. The degree membership function is given in equation .
Virtual instrument design
Design of the virtual instrument serves two purposes in the present study. In the simulation study of the proposed method it incorporates the fuzzy classifier and displays the fault diagnosis results visually. In real time validation the along with the NI ELVIS II board, virtual instrument acts as a standalone virtual system with fuzzy classification of the faults. It has real time data acquisition, fuzzy classification of faults and displaying of the results. It is designed by using the graphical programming of the LabVIEW. The program designed in LabVIEW consists of front panel and the block diagram. The front panel contains the control variables representing the signatures extracted for the fault diagnosis and the output display units representing the all the components present in the R2R network of mixed-signal digital to analog converter. The block diagram contains the graphical program icons and the interface of the program with the fuzzy system designed for the fault diagnosis.
EXPERIMENTAL VALIDATION
The proposed method described in the previous section is applied to a benchmark four bit R2R digital to analog converter mixed signal analog circuit [8] . As this mixed signal analog circuit has already been used previously in other fault diagnosis studies and has been found fairly tolerant to component variations. Hence this circuit is found as a suitable choice for fault diagnosis. Both simulation study and the real time validation results are presented.
Simulation study
The circuit shown in fig.1 Where R=10KΩ and hence 2R=20KΩ. Therefore the values of the resistances in the R2R network of digital to analog converter are R1=R2=R3=R4=R8=20KΩ and R5=R6=R7=10KΩ. Sixteen fault models namely R1↑, R1↓, R2↑, R2↓, R3↑, R3↓, R4↑, R4↓, R5↑, R5↓, R6↑, R6↓, R7↑,R7↓, R8↑ and R8↓ two for each of the resistances R1 to R8 are defined. The ↑ and ↓ represents the parametric variation in the component value +50% and -50% respectively.
Fig.1 Benchmark R2R digital to analog converter
The output voltage of the DAC is measured for all the sixteen combinations of the input digital signal for all fault and fault free models and the response of the circuit is noted, keeping value of other components to their nominal values. Fifty Monte-Carlo simulations are done for all the fault models and for the fault free condition and the output voltage is measured for each to prepare the fault dictionary. On completing all the simulations for each fault model and fault free model it has been observed that the response value of the circuit is either more or less than the nominal value response. Therefore the maximum output response and the minimum output responses are noted for all fault models. It is needed to mention that for fault free condition, the parametric variation in resistance values remains within the ±5% of its nominal value. Now to control the number of test inputs needed for fault diagnosis, the sensitivity analysis of the circuit under test is performed with the help of MULTISIM software for each run of the Monte-Carlo analysis in all the fault models. From sensitivity analysis it has been concluded that the test inputs with input digital value 1 to 8 are sufficient to diagnose the proposed faults. The table 1 shows the fault dictionary with maximum, minimum and the nominal values of the output responses for fault free and faulty models for desired test input signals.
The nominal value is the value of output response when all other components in R2R network of the DAC retain their nominal value for a particular digital input. Maximum and the minimum values are of the output response from fifty Monte Carlo run responses for a given digital input. It is observed that the responses obtained using Monte-Carlo runs oscillate about the nominal value.
Fuzzy classifier
The next step in fault diagnosis process is design of fuzzy system for the classification of the faults. Fuzzy system for fault diagnosis is implemented in LabVIEW software by using the fuzzy system designer toolbox. This has been carried out in three steps; these include defining the input membership function, output membership functions and finally designing the rule base.
(a)Defining the input output membership functions
This is already mentioned in the previous section that the responses of the circuit obtained for each Monte-Carlo run is either greater than or less than the nominal response. Hence a triangular shape membership function has been depicted and is designed by using minimum, nominal and maximum values of the response output values. Eight inputs are defined for the response of the circuit. Every defined input will have 17 membership functions. Sixteen, one each for the defined fault models and one for the nominal case. In our fuzzy system there are total sixteen single fault models. Hence all inputs in the system has 16x8+8 (nominal value) =136 membership functions. There are eight output variables in the fuzzy classifier, one for each component present in the R2R network of the circuit under test. Each of the output variables contains three membership functions, one for the nominal value and other two for the fault models with parametric variation in the component value +50% and -50% respectively. The Gaussian shape is selected for the output membership functions as resistors have a Gaussian distribution probability function.
(b)Defining the rules
Once the membership functions for input and output variables are defined, they have to be connected by IF-THEN rules. The numbers of rules is equal to the number of defined faults. The main advantage of this approach is that it is not required to have the rules for all the cases. The rules only joining the corresponding input output membership function are defined. Since there are 16 fault models and one nominal value, therefore17 IF-THEN rules are designed. The rule structure for the fault R5↑is given as
If {Input1 is R5↑} and {Input2 is R5↑} and {Input3 is R5↑}……….and {Input8 is R5↑} then {R1 is R1} and {R2is R2}…….. and {R5 is R5↑} ………. and {R8 is R8}
Where input1 to input8 are the responses of the circuits for eight digital inputs and R1, R2, R3, R4, R5, R6, R7 and R8 are the membership function defined for their nominal values within the component tolerance limit of ±5%. The AND (Product) operator is used to combine the antecedents. The main reason to use this operator is that if any of the input signature value falls outside the membership function, the product will be zero and the rule will not be fired. On the
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other hand for min operator the rule be fired and will give the output value according to the computation. Centre of Area (CoA) is used as the defuzzification method in the fuzzy system design. Then after computing all the set of input circuit responses, the fuzzy classifier provide us with estimated value of the components with degree of certainty. 
Virtual instrument design for fault diagnosis
The results of the fault diagnosis i.e. the output of the fuzzy classifier is made available with visual view by a virtual instrument design. It is designed by using the graphical programming of the LabVIEW software. 
Real time validation
The real time validation is carried out for R2R digital to analog converter to validate our proposed method using NI ELVIS II board. Similar to the implementations done during the experimental validation of the proposed method using simulation study, same sixteen parametric single faults R1↑, R1↓, R2↑, R2↓, R3↑, R3↓, R4↑, R4↓, R5↑, R5↓, R6↑, R6↓, R7↑, R7↓, R8↑ and R8↓ are considered. 
RESULTS AND DISCUSSION
In this section results of parametric fault diagnosis using intelligent virtual instrument in R2R digital to analog converter circuit with simulated and with the real time data are presented. In both the cases fault diagnosis results are checked for the entire defined parametric fault models (R1↑, R1↓, R2↑, R2↓, R3↑, R3↓, R4↑, R4↓, R5↑, R5↓, R6↑, R6↓, R7↑, R7↓, R8↑ and R8↓) in the R2R network of DAC. It has been concluded that in both the cases the fault diagnosis efficiency is 100%. Here one of the sample results of fault diagnosis during simulation study is shown in fig.2 
CONCLUSION
In this paper, a design of intelligent virtual instrument for the diagnosis of parametric faults in R2R digital to analog converter circuit has been presented. The fuzzy classifier is implemented for fault classification. It not only classifies the parametric single faults but also gives the estimated value of the faulty component with good accuracy. Combination of the fuzzy classifier and the virtual instrument enables the diagnosis result to be visually and directly displayed. The fault diagnosis results are presented with good accuracy for a benchmark R2R digital to analog converter circuit with simulated data obtained with MULTISIM software and also with the real time data obtained with hardware implementation of the circuit on NI ELVIS II board.
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